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ABSTRACT 
 
The anisotropic character of in situ coal permeability is important in designing 
optimized de-methanation operations for underground coal mines, controlling the 
drilling direction of horizontal drain holes and affecting ventilation requirements. It is 
also important for CBM producers, to maximise gas reserves by mitigating its effects. 
The increased use of horizontal in CBM projects would also benefit from engineered 
orientation to maximise well productivity.  
 
To date, quantifying permeability anisotropy had been relegated mainly to very costly 
field pilots, requiring a number of vertical production wells and one injection well. Only 
two previous laboratory attempts were made to derive permeability anisotropy, using 
cylindrical cores. A literature review indicated the range in observed horizontal 
permeability anisotropy ratios (PAR) to vary from 2 to 17. The University of 
Queensland coal permeability research program utilizes a world-first True Triaxial 
Stress Coal Permeameter, which utilizes large cubic coal samples to derive cost-
effective information not only on the horizontal PAR but also on the vertical PAR.  
 
Investigations were carried out on 40, 80 and 200mm cubes of Permian-age coal from 
China’s Sunan Basin and Australia’s Bowen Basin. Tests utilized helium, nitrogen and 
methane, at in situ stress levels and pore pressures. Our results confirm and extend 
the range of horizontal PARs from previous researchers:  the PARFB varied from a low 
of 1.35 to a high of 19. The PARFV varied from 0.11 to 4.0, while the PARBV varied from 
0.17 to 1.8. Variations in PAR occur as a function of coal specimen, test gas and also 
somewhat as a function of sample size. 
 
 
INTRODUCTION 
 
Coal permeability has long been recognised as a key petrophysical property affecting 
the safe de-methanation of coal mines (CMM) and the economic success of coalbed 
methane (CBM) recovery projects. Permeability is a complex fluid transport property of 
coal affected by many variables, and can be categorized in many ways (Massarotto, 
2002). The accompanying Table 1 summarizes nine categories, as affected by type of 
fluid flowing, spatial reference and external or stress state:- 
 
Table 1- Major categories of coal permeability 
 
As affected by Permeability category 
Flowing fluid(s) absolute effective- static 
               -dynamic 
relative 
Spatial orientation horizontal-max horizontal-min 
 
vertical 
External state unstressed Stressed -  
isotropic 
stressed –  
anisotropic 
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This paper is focused on the spatial orientation aspects: horizontal- maximum (Khmax), 
horizontal- minimum (Khmin) and vertical permeability (Kv) of the in situ bulk coal, with 
isotropic stresses. 
 
The research and results reported herein are part of a broad coal permeability 
research program at The University of Queensland, jointly administered by the 
Chemical Engineering and Earth Sciences Departments. With our world-first True 
Triaxial Stress Coal Permeameter (TTSCP), we have been able to investigate coal 
anisotropy, directional (anisotropic) stress effects on permeability, effective 
permeabilities to different gases (both in a static and dynamic mode), sorption-induced 
permeability changes and modeling the lab experiments to real in situ conditions of 
stress, net stress and pore pressures. Upcoming work will include effective and relative 
permeability investigations for multiple fluid systems, including water and the 
CO2/CH4/N2 interactions.  
 
Permeability Anisotropy Ratio 
Permeability anisotropy, or directional 
permeability, arises mainly from the more 
continuous run length of the face cleats as 
compared to the butt cleats (see Figure 
1). In in situ conditions, the coal seams 
can contain additional large fracture sets, 
sometimes diagonally to the cleats, further 
influencing directional flow. The horizontal 
permeability anisotropy ratio, or PAR, 
defined as Khmax over Khmin, is generally 
the permeability along the face cleat 
direction divided by that in the butt cleat 
direction, designated PARFB. In field tests, 
however, the effect of other large fracture 
sets may change the orientation of the 
overall Khmax and Khmin from the respective 
face and butt cleat orientations (see Wold and Jeffrey, 1999). There are two vertical 
permeability anisotropy ratios: one relates the permeability of face cleat direction to 
vertical, PARFV, and the other of butt cleat direction to vertical, PARBV.  These are of 
lesser importance, except when engineering horizontal wells or drain-holes. 
 
Figure 1- Permeability anisotropy  
 
Previous Studies 
ned by previous researchers, from inferred production data at CBM It has been determi
fields and from limited multi-well pilots using interference well tests (IWT), that the 
horizontal PAR can range from 1.8 to 17, with an average of 4.03 from these field data 
sets. Koenig and Stubbs, 1986, performed IWTs on the Pratt A and Pratt A&B seams 
in a Rock Creek site in the Black Warrior basin of the USA: the A seam  exhibited  a 
PAR of  17, while the more difficult interpretation of the A&B seams together yielded a 
PAR averaging 2.72. Koenig and Stubbs also published PAR data gathered from other 
sites in the USA (shallow coals in the eastern Pennsylvania and central Wyoming): the 
PAR of these varied from 1.8 to 4.9. At a San Juan Basin GRI/Amoco site, Mavor et al, 
1993, reported a ratio 6. Wold et al, 1996 and 1999, report ratios of 2.8 and 4 at two 
field sites in the Bowen Basin of Australia. As Koenig points out, derivations of 
permeability and PARs from short duration injection/ fall-off tests and IWTs can be 
subject to appreciable uncertainty, mainly due to the heterogeneity of coal, but also 
due to non-ideal testing conditions. 
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The limited published data on laboratory-measured PARs reviewed by the author 
Table 2- Previously-published horizontal permeability anisotropy ratios 
 
 
 is interesting to note that the field-derived average PARFB for San Juan is 3.2 times 
ECHNICAL APPROACH 
arly laboratory permeability tests reported in the literature were conducted on 18mm 
owever, even this equipment was recognized as non-ideal by Gray, 1992, stating:  
Coal basin PARFB Source Type Reference 
comes from Gash et al, 1993, and Wold et al, 1999.  Gash reported PARs of 1.7 and 
2.0 during tests on 89 mm diameter LaPlata cores from the San Juan Basin, seemingly 
with uniform vertical and radial stresses. Wold reported on an average of 2.1 from a 
series of cores 25 to 45 mm in diameter from the Dartbrook mine site in the Bowen 
Basin, Queensland.  The laboratory and field-derived values of horizontal PAR are 
summarized in Table 2.  
 
 
 
San Juan, NM 6 GRI/Amoco Pilot  Mavor et al 
 
 
G
2
 
3
2.1 Lab, 41 and 25mm co       “ 
2.7 - Rock Ck, IWT on U.Pratt 
A and A&B together 
Koeni
 
Wyoming Avg 2.42 
IWT  5 sites, incl. PAR
3.4 for “various” Great Plai
In
&  Stubbs 
 
San Juan, NM 1.7 – 2 Lab, 89mm core ash et al 
Bowen Basin, Qld .8 Dawson River pilot  Wold et al 
Sydney Basin, NSW .6 - 4 Dartbrook Mine, IWT 
re 
Wold et al 
Black Warrior, Alb  17 g & Stubbs 
Eastern Penn. & 1.8 – 4.9  of  
ns
 Koenig 
Average (12  sets) 4.03 Lab data as separate sets  
 
It
the lab-derived average value of 1.85. Similarly, at Dartbrook, the field-derived average 
of 3.8 is 1.8 times that of the lab-derived PAR of 2.1. The lab samples for Dartbrook 
were appreciably smaller; the run length of face and butt cleats will equalize over short 
distances, which would yield a PAR of 1.0, all else being equal. 
 
 
T
 
E
and 25mm plugs cut from larger vertical cores or specimens. Thus few if any cleats 
were included, as the relevant cleat spacing is between 10 and 25mm, according to a 
comprehensive review by Law, 1993, for coals of 0.6% to 1.1% mean vitrinite 
reflectance, targets for CBM production. Direction of flow relative to the coal seam face 
and butt cleats and in-situ azimuths was rarely reported. Few investigated and 
distinguished between maximum horizontal permeability (Khmax), minimum horizontal 
permeability (Khmin), and vertical permeability (Kv). Most of the older tests used a single 
axial and circumferential pressure known as the hydrostatic pressure. Later, tri-axial 
stress rigs were employed where a single radial stress, usually set different to the axial 
stress, is imposed on specimens. 
 
H
“This type of test has limitations, however, because the main gas flow is usually 
parallel to the seam, not vertical to it, and principal stresses are probably different and 
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unable to be modeled with conventional core permeability test apparatus that can 
provide only a single circumferential stress”.   
 
True Triaxial Stress Coal Permeameter 
 built, 
ssures. 
he TTSCP has multiple sizes of test cells, to 
he TTSCP and procedures were more fully 
pecimens 
e permeabilities and related PAR data sets collected while 
The apparatus that we have designed and
a True Triaxial Stress Coal Permeameter 
(TTSCP) addresses previous shortcomings on 
laboratory testing of coal permeability: it can 
deliver three separate and mutually-orthogonal 
stresses to a specimen (refer to Figure 2). 
Cubic and prismatic specimens are necessary 
for this and are ideal for determining horizontal 
permeability along the mutually orthogonal face 
and butt cleats, and also vertical permeability. 
By rotating the specimens, a complete picture 
of 3-D permeability can be derived with 3-D 
stresses, with relative azimuths corresponding 
to the in-situ case. The biggest challenge has 
been to get the sealing system to work at high 
stresses, including anisotropic stresses 
(deviatoric stress as high as 50%) and high pore pre
 
Figure 2- General Schematic- True Triaxial 
Stress Coal Permeameter 
 
 
 
 
T
handle specimens of:  40mm cubes (cut from 
HQ 61 mm cores); 80 mm cube and 80x80x160 
mm prisms, cut from medium sized coal blocks; 
and 200mm cubes, cut from large coal blocks.  
External stress levels on specimens can go as 
high as 40 MPa (on the 40 mm cubes), whilst 
pore pressures can be as high as 14 MPa. 
Thus experiments can be run at in situ 
conditions of stress and reservoir pressure for 
most CBM reservoirs in the world. A picture of 
the 80x80x160 mm prismatic test cell is shown 
in Figure 3.  
 
T
described in a previous ICBM paper 
(Massarotto, 2001). A companion paper at this 
time presents findings on the anisotropic stress 
effects on directional permeability. 
 
Figure 3- Prismatic Test Cell 
(from ErgoTech) 
S
This paper presents th
testing 12 coal specimens. Four were 40 mm cubes cut from HQ cores recovered from 
two Bowen Basin CBM exploration wells. Eight were cut from large coal blocks 
supplied from the TaoYuan coal mine in Anhui Province, China and from the Newlands 
Coal underground coal mine in the Bowen Basin, Queensland. The latter group 
included two 80 mm cubes and a 200 mm cube.  
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The China blocks exhibited a mean vitrinite reflectance, Vro, of between 0.87 and 0.9 
%. Bowen Basin cores from one of the wells were tested in the range of 0.61 to 0.81% 
mean vitrinite reflectance. The specimens as tested were at inherent moisture level, 
having been cellophane-wrapped until shortly before testing. 
 
Most specimens were subjected to both isotropic and anisotropic stress states; 
comparisons of effective permeabilities and PARs were generally referenced to a 3.5 
MPa net stress (isotropic). 
 
 
RESULTS 
 
Sunan Basin, China Coal 
The Sunan Basin specimens consisted of one 80 mm cube and two 40 mm cube 
specimens; they were subjected to 12 tests, including those with nitrogen and 
methane. Most of these tests were done with helium to minimize the possibility of any 
deleterious permeability effects from swelling due to adsorption. It is well known that 
helium is a very low adsorbent in coal. However, it was determined during our tests 
that data collected in less than 8 hours in length showed no evidence of 
swelling/permeability loss. Most of the tests were less than a few hours, so later tests 
were duplicated with nitrogen to collect a comparative data set, as we expected 
different permeabilities with different gases in coal. Methane is used mainly for 
baseline effective permeabilities, as the cost of 99.99% pure methane is very high 
($A1,800 per G-size cylinder). The effective permeabilities and related PARs for this 
data set are shown in Table 3. 
 
 
Table 3- Effective permeabilities (mD) and PARs for 
China Block II specimens 
 
SP &  
SIZE 
KHMAX KHMIN KV PARFB PARFV PARBV GAS 
II, 1-2 
40 mm 
 
1.95 
 
0.23 
 
1.35 
 
8.3 
 
1.44 
 
0.17 
 
He 
II,1-1 
40 mm 
 
0.5 
 
0.24 
  
2.1 
   
He 
 
 
 
0.18 
 
0.17 
  
1.06 
   
N2 
 
 
 
0.18 
 
0.1 
  
1.8 
   
CH4 
II, 1-1 
40 
 
1.0 
  
8.7 
 
 
 
0.11 
  
He 
Avg   
 of  40 mm 
1.15 (3) 0.23 (2) 5.03 5.2 (2) 
3.3 (4) 
0.78 0.17 He 
all gases 
II, 2B 
80 mm 
 
78 
 
4.1 
  
19 
   
N2 
Avg  
of  Bl II 
   11.2 
 
  all gases 
 
 
As can be seen, the range in PARFB is from 1.06 (for a quite tight 40 mm specimen) to 
19 for a high face cleat permeability 80 mm specimen. The average PARFB of 11.2 for 
TaoYuan mine coal may not be very meaningful. The Tao Yuan 80 mm cube exhibited 
a long run length of the face cleats (60 to 70 mm), as compared to the much shorter 10 
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to 20 mm of the butt cleats, partly explaining the high face cleat permeability and the 
high PARFB of 19. 
 
Bowen Basin Well Cores 
There were four 40 mm cube specimens derived from the 61 mm cores that were 
successfully tested. It is noted that the core with brighter sections fell apart during 
either the cutting or machining phases of preparation. Thus these specimens represent 
mainly the duller coal sections. Also, both the face and butt cleats of the specimens 
were infilled to various degrees with calcite. Time was insufficient to allow full 3-D 
testing of all four specimens. Results are presented in the following Table 4. 
 
 
Table 4- Effective permeabilities (mD) and PARs for 
Bowen Basin well-core specimens 
 
SP & 
SIZE 
KHMAX KHMIN KV PARFB PARFV PARBV GAS 
K1-B5 
40 mm 
 
1.75 
 
0.96 
  
1.8 
   
N2 
GH-1 
40 mm 
 
0.26 
  
0.65 
  
0.4 
  
He 
GH 1-1 
40 mm 
 
2.3 
 
1.7 
  
1.35 
   
N2 
GH 1-2 
40 mm 
 
1.2 
 
 
 
0.3 
 
 
 
4.0 
  
N2 
Avg  
of BB-c 
 
1.43 (4) 
 
1.33 
 
0.48 
 
1.6 
 
 
  
 
 
 
An average PARFB value of 1.6 is noted from the combined measurements of K1-B5 
(1.8) and GH 1-1 (1.35).  However, these wells are many kilometers apart, thus the 
significance of an average is questionable. It is interesting to note that the vertical 
permeability of GH-1 (0.65 mD) was higher than the horizontal permeability (0.26 mD), 
yielding a PARFV of 0.4. This occurrence was noted also in the China specimen 1-1, 
and is to be expected, as both the face and butt cleats are flowing. It is only reversed 
when there are less permeable mineral matter layers in the ply. In larger specimens, 
there is more opportunity for these mineral matter layers to be felt, resulting in PARFV 
greater than one. 
 
Bowen Basin Mine Specimens 
There were five successful specimens cut from the Newlands Coal mine blocks and 
tested: three 40 mm cubes, an 80 mm cube and a 200 mm cube. The seal in the test 
cell for the 80 mm cube failed at high pressures part way along the test, so only short 
duration effective permeability data was gathered. The 80 mm cube and two of the 40 
mm cubes were cut from the same block NS 1. The third 40 mm cube was cut from a 
smaller block, NS 2, while the large 200 mm cube was cut from the largest block, NS 
3. Block NS 2 was definitely a duller coal and this is evidenced by the very low 
effective permeabilities to all three gases. Results are presented in Table 5. 
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Table 5- Effective permeabilities (mD) and PARs for 
Bowen Basin mine-sourced specimens 
 
SP & 
SIZE 
KHMAX KHMIN KV PARFB PARFV PARBV GAS 
NS 1-1a 
40 mm 
3.2 
 
2.4 
     He 
N2 
CH4 
NS 1-2a 
40 mm 
6.5 
 
0.29 
2.0  3.3   He 
N2 
CH4 
NS 2-3 
40 mm 
0.2 
0.28 
0.0 
0.18 
0.12 
 1.1 
2.2 
  He 
N2 
CH4 
Avg  
of 40 mm 
3.3 
 
0.83 
1.25  2.2   He 
N2 
CH4 
NS 1-1 
80 mm 
 
19.5 
      
He 
NS 3 
200 mm 
 
4.8 
 
2.5 
  
1.92 
   
He 
  
1.7 
 
1.42 
 
0.8 
 
1.2 
 
1.9 
 
1.8 
 
N2 
  
1.87 
 
2.1 
  
0.89 (nv)
   
CH4 
Avg 
of   
mine 
6.8 (5) 
 
4.1 (10) 
  2.1 (3) 
 
1.8 (6) 
  He  
 
All gases 
 
 
 
These results require some commentary. Because of budgetary and time 
considerations, several of the butt cleat direction tests (for Khmin) and most for Kv could 
not be done. Also, specimen NS 1-1a failed at the end of the helium test, while the 
sealing system failed while testing the 80 mm cube NS 1-1. We have relied again 
heavily on helium as the principal test fluid, though nitrogen was used to continue the 
comparison study between the two, as it is more cost-effective to run and it is planned 
to do so for a majority of future tests. Methane is used only on key tests, as in the 200 
mm face and butt cleat tests. 
 
There are some surprising and not-so-surprising results. First, the helium permeability 
is generally higher than that for nitrogen or methane, a trend noted in our previous 
tests. Secondly, the higher 19.5 mD effective helium permeability of the 80 mm cube, 
as compared to the 3.3 mD average of 40 mm cubes, is expected as part of normal 
scale-up considerations (Massarotto et al, 2001) and because only duller coal blocks 
can be cut without significant loss at the 40 mm scale. Without the effect of very 
dull/tight NS 2-3, the ratio is 4:1, of which 1.5:1 can be explained by different 
theoretical cleat densities between the two 40 and 80 mm cubes (having been cut from 
the same NS 1 block).  
 
The lower 4.8 mD for the 200 mm cube is partly explained by having come from a 
different block (part of the natural heterogeneity of coal).  Again, based on average 
cleat densities and related scale-up factors, one would have expected a ratio of 1.8:1, 
for 200 mm compared to the 40 mm cubes. The actual ratio is 1.45:1, using the 
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average 3.3 mD of the three 40 mm cubes. Of note is that the NS 3 block was quite 
dull, with insignificant losses during the cutting and machining process. The methane 
PARFB of 0.89 is not considered valid, as a poor quality extrapolation has been 
required to adjust the permeability level to the same net stress of 3.5 MPa. This was 
caused by an uncontrolled variance in test operational procedures. 
 
 
APPLICATIONS 
 
The industries and processes where the permeability anisotropy ratio requires 
determination and application to ensure optimum economics are (Massarotto et al, 
2000): 
 
 Coalbed methane exploration & production (CBM); 
 Coal mine demethanation (CMM), for improved safety and productivity; 
 Underground coal gasification (UCG), for synthesis gas generation; 
 CO2 geologic sequestration in coal, for GHG benefits, and for ECBM; 
 Coal seam methane storage of pipeline gas (CoSMES), for deliverability benefits; 
 
 
Permeability anisotropy is important for designing the orientation of horizontal wells, 
whether drilled from surface in CBM or underground in CMM. It is self-evident that the 
direction of the horizontal section should be perpendicular to the average face cleat 
azimuth in order to intersect the maximum number of these high permeability 
pathways. If the principal horizontal stress vector is also parallel to the face cleat 
direction (as is the case for a majority of coal fields), then an additional benefit is 
obtained toward higher initial well productivity, as the stress relief on the near-wellbore 
drainage volume creates a zone of permeability enhancement of up to 100% [Shi and 
Durucan, 1999]. 
 
Even conventional vertical well CBM projects need to assess and work with the 
permeability anisotropy, to ensure maximum gas reserves are recovered prior to the 
economic limit of the field being reached. There are potential lost gas reserves 
associated with anisotropy if the well pattern layout is not adjusted to work with this 
directional flow. This is illustrated in the following schematic of a typical square pattern 
layout for producing wells in the presence of a  horizontal PAR of 2 (Figure 4). It can 
be seen that the streamlines will develop preferentially along the high permeability 
direction, leading to much earlier declining production rates. At the 10th to 15th year of 
production, rates are quite low and the field may be at risk of abandonment, whilst 
there are still reserves to be tapped in the undrained areas; potentially a third of the 
gas reserves could be lost. Late-life infill drilling could address this opportunity, if the 
field is not yet at the economic limit, but significant present value will have been lost by 
then. 
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Figure 4- Effect of Permeability Anisotropy Ratio on 
 CBM Gas Reserves 
Additional Gas Reserves with Anisotropic Drilling 
 
Base Reserves with Permeability Anisotropy Ratio of 2:1 
 
 
 
 
CONCLUSIONS 
 
We have drawn several conclusions from this research: 
 
 
1. The range in horizontal PARs derived from our 3-D lab tests (1.35 to 19) are 
generally within the ranges previously reported for both lab-derived and field-
derived PARs by other researchers (1.7 to 17).  
 
2. The average horizontal PAR for the eleven data sets tested on the Permian 
coals is 4.9; this compares to a value of 4.03 for previously published data over 
a range of international coals (12 data sets). 
 
3. Smaller specimens generally exhibit lower horizontal PARs: the median of 40 
mm cubes was 1.8, as compared to 19 for the 80 mm cube and 1.92 for the 
200 mm cube; however, more data sets are required at the larger specimen 
sizes to validate this conclusion. 
 
4. Different gases yield different effective permeabilities, with helium exhibiting the 
best penetration of pores (macro and meso) and thus the highest permeability. 
The PAR for five 40 mm specimens tested with helium averaged 3.4; four 
tested with nitrogen averaged 1.6. This may also indicate more mesopores in 
the face cleat direction. 
 
5. Significant increased gas production and reserves can accrue by designing for 
the horizontal PAR in CBM vertical and horizontal well developments (already 
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the CMM industry in Queensland orients their drain-holes accordingly to 
maximize gas drainage rates and minimize risks of “outbursts”). 
 
6. The heterogeneity of coal poses ongoing challenges to derive valid data 
representative of the average in situ petrophysical properties of coal. More data 
points are required, not dissimilar to the many core-derived permeability data 
for conventional sandstone and carbonate reservoirs in the oil industry. 
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